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We use the spectrally invariant method to study the variability of cloud optical thickness τ and droplet effective
radius reff in transition zones (between the cloudy and clear sky columns) observed from Solar Spectral Flux
Radiometer (SSFR) and Shortwave Array Spectroradiometer-Zenith (SASZe) during the Marine ARM GPCI
Investigation of Clouds (MAGIC) field campaign. The measurements from the SSFR and the SASZe are different,
however inter-instrument differences of self-normalized measurements (divided by their own spectra at a
fixed time) are small. The spectrally invariant method approximates the spectra in the cloud transition zone as
a linear combination of definitely clear and cloudy spectra, where the coefficients, slope and intercept, character-
ize the spectrally invariant properties of the transition zone. Simulation results from the SBDART (Santa Barbara
DISORT Atmospheric Radiative Transfer) model demonstrate that (1) the slope of the visible band is positively
correlatedwith the cloud optical thickness τwhile the intercept of the near-infrared band has high negative cor-
relation with the cloud drop effective radius reff even without the exact knowledge of τ; (2) the above relations
hold for all Solar Zenith Angle (SZA) and for cloud-contaminated skies. In observations using redundantmeasure-
ments from SSFR and SASZe,we find that during cloudy-to-clear transitions, (a) the slopes of the visible band de-
crease, and (b) the intercepts of the near-infrared band remain almost constant near cloud edges. The findings in
simulations and observations suggest that, while the optical thickness decreases during the cloudy-to-clear
transition, the cloud drop effective radius does not change when cloud edges are approached. These results sup-
port the hypothesis that inhomogeneous mixing dominates near cloud edges in the studied cases.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The region between visibly cloudy and cloudless skies, known as the
cloud transition zone, is an optically thin mixture of aerosol particles,
cloud droplets, and water vapor, with optical thickness decreasing
monotonically with distance from the visibly cloudy region. Evidence
of the cloud transition zone has been observed from satellites, aircraft,
and surface observations. Increasing reflectance with decreasing dis-
tance from cloud has been observed in MODIS (Moderate Resolution
Imaging Spectroradiometer) data (e.g., Koren et al., 2007; Varnai and
ch, NASA, Goddard Space Flight
Marshak, 2009). This increase could be the result of small or thin
cloud contamination (Zhang et al., 2005, Koren et al., 2009), and/or 3D
effects from the nearby cloud (Wen et al., 2006; Marshak et al., 2008).
Using 11 years of MODIS data, Chand et al. (2012) observed increased
optical thickness that was consistent with hygroscopic growth of aero-
sol particles in the “cloud halo”, the region near the cloudwith increased
relative humidity (Perry and Hobbs, 1996; Lu et al., 2003). Similarly in-
creased optical thickness near cloud edge has also been reported from
aircraft observations (e.g., Su et al., 2008; Redemann et al., 2009). Its
relations with growth of hygroscopic aerosol particles in enhanced
relative humidity near cloud (Twohy et al., 2009; Bar-Or et al., 2012)
were also investigated. In addition, using instrumentation from the
Southern Great Plains (SGP) facility of the Atmospheric Radiation
Measurement (ARM) Program, Jeong and Li (2010) found that aerosol
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humidification near cloud helped explain about one fourth of the optical
thickness-cloud cover correlation.

The size of transition zone can be as large as several kilometers
(e.g., Koren et al., 2007; Varnai and Marshak, 2011). However, some
studies (Perry and Hobbs, 1996; Lu et al., 2003; Bar-Or et al., 2012)
showed that the enhanced humidity near clouds extends to a much
smaller scale (hundreds of meters). By excluding the lower confidence
aerosol data (that has higher possibility of contamination by undetected
optically thin clouds), Yang et al. (2012) found that statistically the size
of transition zone could be greatly reduced. It is evident that undetected
optically thin clouds play an important role in the radiation properties of
the transition zone.

In this paper, we focus on the clouds in the transition zone. These
clouds interact and mix with the unsaturated air near cloud edges,
thus providing information that can help to improve our understanding
of how microphysical properties of clouds can affect cloud-aerosol in-
teractions. For example, the variations of cloud droplet size in the tran-
sition zone provide information on identifying the cloud-air mixing
mechanisms. Such information is particularly important for improving
microphysical parameterizations for cloud simulations (e.g. Korolev
et al., 2016).

Basically, the air entrainment andmixing processes can be described
by two limiting scenarios: homogeneous and inhomogeneous mixing.
Baker et al. (1980) and Baker and Latham (1982) argued that the differ-
ence between homogeneous and inhomogeneous mixing could be
attributed to the different timescales of mixing and evaporation. Homo-
geneous mixing results in a drier air penetration into the entire cloud
before cloud drops begin to evaporate, leading to a reduction in size of
all droplets but no substantial change in the number of cloud droplets.
In contrast, with inhomogeneous mixing, evaporation begins before
dry air penetrates the entirety of the cloud resulting in a reduction in
the droplet number concentration for droplets of all sizes but no change
in the cloud drop spectrum (Lehmann et al., 2009; Lu et al., 2013).

Gaining knowledge of the mixing processes has mainly relied on in
situ measurements (e.g., Hill and Choularton, 1985; Gerber et al.,
2008; Lehmann et al., 2009, etc.), and, as far as we are aware, has been
never observed from ground-based measurements. This paper will
demonstrate a novel way to gain such information from ground-based
radiationmeasurements, capitalizing on their high spatial and temporal
resolution.

Ground-based observations of the radiative properties of the
cloud transition zone have been made with hyperspectral radiometers
(e.g., Chiu et al., 2009, 2010; Marshak et al., 2009). In analyzing Atmo-
spheric Radiation Measurement (ARM) Shortwave Spectrometer
(SWS)measurements at the ARM SGP site in Oklahoma, a spectrally in-
variant behavior was found between ratios of zenith radiance spectra
during the transition from cloudy to cloud-free air (Marshak et al.,
2009). Based on radiative transfer simulations (Chiu et al., 2010), the
spectrally invariant behavior of spectral measurements largely depends
on cloud optical thickness τ and cloud droplet effective radius reff. Thus
the variation of τ and reff can be inferred from the analysis of the spec-
trally invariant behaviors. The droplet size information for optically
thin clouds obtained by this approach is based on spectral features of
the transition zone, therefore it might be inherently immune to the 3D
radiative effects that may affect other methods (e.g. LeBlanc et al.,
2015). In this paper, we use an approach similar to Marshak et al.
(2009) and Chiu et al. (2010) to understand the cases of cloudy transi-
tion zones observed during the Marine ARM GPCI Investigation of
Clouds (MAGIC) field campaign (Lewis and Teixeira, 2015). Specifically,
we will find the relationship between the spectrally invariant parame-
ters (discussed in more detail in Section 2) and cloud properties such
as τ and reff for low clouds under a mid-latitude summer atmosphere
over ocean, a different environmental condition compared to SGP. In
addition, we will discuss the spectrally-invariant behavior of the
liquid-water absorbing band from 1530 nm to 1660 nm. As such, the
simulation results based on these new parameters are suitable to
apply to cloudy transition zones observed by the spectroradiometers
during MAGIC.

During the MAGIC field campaign, there were two shortwave
spectroradiometer instruments: a Shortwave Array Spectroradiometer-
Zenith (SASZe) (http://www.arm.gov/instruments/sasze) and a Solar
Spectral Flux Radiometer (SSFR) (Pilewskie et al., 2003), both of which
measured zenith sky shortwave radiance over the spectral range from
the ultraviolet to the near infrared (350 nm–1700 nm) at the sampling
frequency of ~1Hz. However, the SSFR has a spectral resolution between
8 and 12 nm with a field-of-view of 2.8° and the SASZe has a spectral
resolution between 1.8 nm and 6 nm with a field-of-view of 1.0°. In
this paper, we use redundant measurements from both instruments to
help us mitigate instrumental errors or bias, and conclusions about
cloud properties will be based on the analysis on independent observa-
tions from each instrument.

2. A brief overview of the spectral-invariance method

In observing thin clouds using hyperspectral instruments, Marshak
et al. (2009) demonstrated that the transmitted zenith spectra in the
transition zone can be well approximated by the linear combination of
spectral measurements in cloudy and clear columns. Considering that
a cloud moves through the instrument's field of view, a time series of
spectra are taken first under cloudy condition (known_cloudy), and
then under cloudless sky (known_clear), with the cloud transition
zone (transition_zone) in between. (This can be also done starting
with the known_clear and ending with the known_cloudy.) If I is zenith
radiance, t is time, then I in the transition zone can be well approximat-
ed by a linear combination of zenith radiances in known-cloudy and
known-clearmeasurements:

I t;λð Þ ¼ a tð Þ I tknown cloudy;λ
� �þ b tð Þ I tknown clear;λð Þ; ð1Þ

where t is between tknown_cloudy and tknown_clear, while a(t) and b(t) are
the linear coefficients in the linear function. By normalizing both sides
of this equation to the spectra of the known-clear zenith radiance, it
can be rewritten as

I t;λð Þ=I tknown clear;λð Þ ¼ a tð Þ I tknown cloudy;λ
� �

=I tknown clear;λð Þ þ b tð Þ;
ð2Þ

Here a(t) and b(t), which are the slope and intercept in the linear re-
lationship respectively, are dependent on τ and reff and can be calculated
by linear fitting between the normalized spectra I(t, λ)/I(tknown_clear, λ)
and I(tknown_cloudy, λ)/I(tknown_clear, λ) in Eq. (2). Further studies
(Chiu et al., 2010) showed that the normalization by the spectrum of
the clear sky substantially mitigates the effects of spectrally dependent
aerosol and surface albedo. This leads to an independence (orweakly de-
pendence) of the resulting slopes a(t) and intercepts b(t) onwavelength
λ; thus we call the method as ‘spectrally-invariant’. By examining the
variations of slope a and intercept b, one can potentially find the
corresponding variations of τ and reff.

3. Methodology and data

The observational cases of cloud transition zoneswere from the SSFR
and SASZemeasurements during theMAGIC campaign in July 2013. Due
to potential issues in calibrations, the radiance measurements from the
two instruments are compared and characterized before being used for
the transition zone study.

In observing the cloud in transition zone, we examine the spectral
invariance properties of visible (VIS) band (400–870 nm) and near-
infrared (NIR) band (1530–1660 nm) at their highest sampling frequen-
cy (1 Hz). In addition to the SSFR and SASZe, High Spectral Resolution
Lidar (HSRL) (Shipley et al., 1983; Eloranta, 2005) as well as the Total

http://www.arm.gov/instruments/sasze


296 W. Yang et al. / Atmospheric Research 182 (2016) 294–301
Sky Imager (TSI) was also used for assisting in the selection of the tran-
sition zones where only low water clouds were present.

The dependence of slopes and intercepts on τ and reff has been un-
derstood using simulation results. The radiative transfer calculations
were done with the Santa Barbara DISORT Atmospheric Radiative
Transfer (SBDART) routine (Ricchiazzi et al., 1998), using a mid-
latitude summer atmosphere and a marine aerosol with an optical
thickness of 0.2. Sea water surface type was used in the simulation. A
fixed Solar Zenith Angle (SZA) of about 45.6° (corresponding to the co-
sine of SZA, equal to 0.7) was used for general discussion, except when
discussing the sensitivity to μ. Aerosol properties were assumed
constant throughout the transition zone, so the calculations will yield
information only on the variation in cloud particles. Calculations were
done every 3 nm at wavelengths 350–1000 nm, and every 6 nm for
wavelengths 1000–1700 nm; these values were chosen to decrease
computation time and roughly mimic the spectral sampling of the
SSFR and SASZe.

4. Results and discussions

4.1. Dependence of spectral invariance on the cloud optical thickness and
droplet effective size

4.1.1. Spectral invariance behaviors from simulations
Fig. 1 shows modeled zenith radiance spectra between 1530 nm

and 1660 nm (a) and between 400 nm and 870 nm (b) using the
SBDART configuration outlined above. The known cloudy spectrum
was modeled with τ = 5 and reff = 8 μm. The cloud transition zone
was modeled with τ = 0.5 and three effective radii: 4 μm, 8 μm, and
16 μm. Finally, the known clear spectrum was modeled with no clouds
(i.e., τ = 0). The right panels show the ratio_to_clear versus the
cloudy_to_clear ratio for the respective wavelength range from the left
panels and provide verification of the linear relationship. In the upper
right panel, the slopes of the three regression lines are almost the
Fig. 1. (a): Modeled spectra between 1530 nm and 1660 nm for three values of cloud optical th
three effective radii, 4, 8 and 16 μm. The known cloudy spectrum (τ=5)was calculated for reff
(c)–(d): The corresponding ratio-to-clear, I(τ=0.5; reff = 4; 8; 16 μm)/I(τ=0), versus the clo
same, but each reff results in a different intercept. The intercept is
related to single scattering albedo ω0 which (for weakly absorbing
wavelengths) is linked to reff as (Twomey and Bohren, 1980) 1 −
ω0λ ≈ ckλreff, where kλ is the bulk absorption coefficient (4πmultiplied
by the ratio of the imaginary part of the refractive index towavelength).
For liquid water absorbingwavelengths, a larger reff results in lowerϖ0,
which leads to increased absorption and a lower intercept. The intercept
and reff are negatively correlated; thus a decreasing intercept indicates
an increasing reff and vice versa. The right lower panel shows the case
of no-absorbing wavelengths; as expected, there is no discernible
dependence of either slope or intercept on reff.

This SBDART simulation shows that under a mid-latitude summer
atmosphere over ocean, the approximated linear relationships between
the cloudy-to-clear and the ratios-to-clear described by Eq. (2) are valid
for a large range of reff. In addition, it is evident that the intercepts of NIR
band (from1530 nm to 1660nm) clearly depend on the reff and thus the
information of the intercepts in this band is well suited to infer cloud
droplet size reff.

4.1.2. Dependency and sensitivity of slopes and intercepts
In order to investigate the details of how the spectral invariant prop-

erties vary with τ and reff, calculations of slopes and intercepts of the
spectral invariant method for values of τ between 0.1 and 5 (with step
size 0.1) and values of reff between 4 μm and 16 μm (with step size
0.1 μm) are shown in Fig. 2. We have applied the spectrally invariant
method separately for the VIS and the NIR spectral regions. The depen-
dence of avis (slope of VIS band) on τ is clear even for optically thin
clouds (Fig. 2a); as the optical thickness decreases, avis decreases with
almost no dependence on reff. Fig. 2b shows bnir (intercept of NIR
band) in the colored contours with the cloud absorption at 1600 nm,
calculated as a percentage of the top-of-atmosphere irradiance, overlaid
with black contours. These cloud absorption contours help explain the
shape of the bnir contours. For the strongest absorption (N4.5% shown
here), bnir and cloud absorption are well correlated and the dependence
ickness, τ=5, 0.5 and 0. The transition zone optical thickness (τ=0.5) was calculated for
= 8 μm. (b): Modeled spectra between 400 nm and 870 nm for the same cloud properties.
ud-to-clear ratio, I(τ=5; reff = 8 μm)/I(τ=0) for the spectral ranges from the left panels.



Fig. 2. (a): The slopes of VIS, avis from Eq. (2) for the spectral range between 400 nm and 870 nm. (b): The intercepts of NIR, bnir from Eq. (2) for the spectral range between 1530 nm and
1660 nm. The black contours show the percentage of cloud absorption at 1600 nm calculatedwith SBDART. The calculations assume that the known clear value is calculated for τ=0 and
μ0 = 0.7.
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of bnir on reff is very strong. For absorption between 1.5% and 4.5%, the
dependence on reff and the correlation with absorption lessen, and
below the 1.5% absorption contour (τ ≤ 1), there is almost no size
dependence due to insufficient liquid water absorption. Clearly, in the
transition zone analysis, decreasing avis can be used to indicate decreas-
ing optical thickness as the scene transits from cloudy to cloudless skies
while bnir can be used to determine reff; increase in bnir indicates
decrease in reff.

To explore the impacts of cloud contamination in the known clear
observation, the calculations done for Fig. 2 have been repeated with
the known clear spectrum (τ = 0) replaced by a spectrum modeled
with τ = 0.1 and reff = 8 μm. The results (not shown here) indicate
that the values of the slope and intercept change, but the shapes of
the bnir contours largely stay the same.

To investigate the dependence of zenith radiance and, hence, the
slope and intercept of the lines determined by the spectrally invariant
technique, on the solar zenith angle, all of the previous calculations
were repeated with different values of μ. The test results for other SZA
(not shown here) indicate that the solar geometry changes may affect
the values of the slope and intercept, but the positive-correlations be-
tween τ and avis and negative-correlations between reff and bnir remain.
Thus, the effect of SZA can be ignored as long as the transition zone does
not span a very long time period.
4.1.3. Variability of bnir as a function of reff
As illustrated in Fig. 2, bnir and reff are negatively correlated over the

included ranges of τ and reff. However, at lower optical thicknesses
(τ ≤ 1), there is little or no sensitivity to reff. In addition, there are also
the regions with dual solutions—cases where increase/decrease in bnir
corresponds to either increase or decrease in reff. To quantify the ability
of bnir to correctly predict the relative change in reff, stochastic numerical
simulations were run for 105 cases, each consisting of two randomly
chosen pairs of τ and reff in the range of Fig. 2. The two points were
put in order in such a way that τwas decreasing, to match the assump-
tion in cloudy to clear transitions. Cases where reff and bnir were nega-
tively correlated were counted as a success. It was found that bnir was
able to predict the sign of changes in droplet size in 74% of the 105

cases for the conditions as in Fig. 2. For other SZAs, the numbers were
in between 73 and 77%.

These high successful rates from numerical experiments above
suggest that even without knowing any additional information, bnir
can be used as a simple indicator of cloud droplet size in the transition
zone: increasing (decreasing) bnir will likely (with probability of
~75%) indicate decreasing (increasing) reff.
4.2. Comparison between SSFR and SASZe zenith radiancemeasurements in
overcast cases

In this section the SSFR and SASZe measurements are compared
with those from the Cimel Sunphotometer, a multi-channel, auto-
matic sun-and-sky scanning radiometer that was also deployed in a
zenith-pointing “cloud mode” (Chiu et al., 2012) during MAGIC. To
match measurements spectrally and temporally, radiance measure-
ments of SSFR and SASZe were averaged over a spectral window of
5 nm and a time window of 5 s centered at the Cimel's operating
wavelength and sampling time. Additionally, considering the differ-
ences in field of view and sampling frequency between these instru-
ments, for fairness in comparisons, we use only overcast cases in
which zenith radiance signals are stronger and relatively uniform
within larger field of views.

In addition to comparing the directly measured spectrum from the
instruments, we also further compare the ‘self-normalized’ zenith
radiances where we normalized measurements to the initial spectra,
i.e., performing I(t, λ)/I(t0, λ) with t and t0 denoting the measurement
and initial times. As introduced in Section 2, the spectral invariance
method uses normalized radiance spectrum for analyzing cloud proper-
ties, instead of the directly measured radiance spectrum.

Fig. 3a–b shows the spectra and time series of measurements for
three overcast time periods, with wavelengths (440, 500, 670, 870,
and 1640 nm) that match those of Cimel. Additionally, Fig. 3c–d
shows the relative deviations of SSFR and SASZe from Cimel before
and after ‘self-normalization’, where relative deviation is defined as
the difference between unity and the slope of the least-squares fit line
between two instrumentmeasurements, for these cases. As an example,
if the least-squares fitting line between SSFR (or SASZe) and Cimel has a
slope of, say, 1.2, then the relative deviation is 20%, and the relative
deviation is zero if the slope of the fitting line is one.

As shown in Fig. 3a–b the measurements from SSFR and SASZe co-
varywith those of Cimel. However, the deviations between instruments
can be large, sometimes on the order of 30–40%, although the differ-
ences have little wavelength dependence (Fig. 3c) and reduce to several
percent after self-normalization (Fig. 3d).

The SSFR and SASZe co-vary even on 2015-07-18 when the devia-
tions from Cimel are large, suggesting that the Cimel may have incurred
unreliable measurements on this day due to a failure in the wet sensor,
allowing sea salt to deposit and interfere with the signal. The consistent
deviation between SSFR and SASZe, however, is likely due to different
fore-optics, which is being investigated. This intercomparison shows
the importance of redundant measurements during such fieldmissions,
similarly as implemented in routinely performed measurements at



Fig. 3. Comparisons between SASZe, SSFR and CIMELmeasurements. (a) Spectra for three overcast cases acquired on 2013-07-06 (left), 2013-07-09 (middle) and 2013-07-18 (right). The
insets are TSI images taken at 16:40:00, 19:49:00 and 17:00:00 UTC correspondingly at the three dates. (b) Examples of the time-series at 500 nm corresponding to the three cases in (a).
(c) Wavelength dependence of relative deviations of SASZe and SSFR from Cimel in radiance measurements. (d) Same as (c) but after self-normalization.
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radiation ground stations such as BSRN (Baseline Surface Radiation
Network).

Finally, it is noted that large improvements in reducing the inter-
instrument deviations by self-normalization are likely due to a similar
spectral behavior of both spectrometers as demonstrated in Fig. 3c.
Such improvements suggest that using the self-normalized zenith
radiance provides more reliable retrievals compared to those methods
that use the absolute radiance measurements. Because the spectral-
invariance method described in Section 2 uses spectra of ratios-to-
clear for both SSFR and SASZe, its results are robust enough as will be
demonstrated in the next Section.

4.3. Observations of the transition zones with SSFR and SASZe
spectrometers

Two cases of cloud transition zones are used for this study. These
two cases are illustrated in Fig. 4 as the transitions from cloudy to
clear skies around 01:13 UTC on 2013-07-10 (left) and 00:57 UTC on
2013-07-12 (right). As seen from the backscatter profiles of HSRL and
the TSI images in Fig. 4a, the clouds were at an elevation of about
1.4 km and 0.8 km, respectively, and no drizzling was occurring during
these times.
Fig. 4b shows the time-series of zenith radiances at 500 nm
measured by SSFR, SASZe and Cimel. For the case of 2013-07-10 (left
panel), zenith radiances at 500 nm gradually decrease from around
140 to a 40 W m−2 μm−1 sr−1 for all three instruments. Since the
clear-sky diffused radiation is from molecular and aerosols scattering,
zenith radiances at 500 nm at clear skies aremuch smaller and less var-
iable than that of cloudy skies (unless clouds are optically very thick).
The large decrease in the measured radiance indicates that this dataset
covers the transition from cloudy sky to clear sky, which starts around
1.2150 h UTC for SSFR and at 1.2125 h UTC for the SASZe and Cimel
(a 9 second difference). Similarly, in the case of 2013-07-12 (right
panel), the time series of zenith radiances show a transition from
much higher value of ~300 to lower and more stable value of ~50; the
clear sky region starts at ~0.9530 h UTC for the SSFR and SASZe and at
~0.9520 h UTC for Cimel (a 4 second difference). The differences in
the 3 instruments are most likely caused by different fields of view.
For convenience, we use 1.2150 h UTC and 0.9530 h UTC as the starting
times of the clear skies in the two cases, respectively.

Next we apply the spectrally invariant technique described in
Sections 2 and 3 to estimate the slopes at the VIS band and the inter-
cepts at the NIR band. The estimates from SSFR and SASZe are obtained
separately by using the same technique. For the case of July 10, we used



Fig. 4. Two cases of the transition zones. (a) The HSRL lidar backscatter cross-section profiles and the corresponding TSI (Total Sky Imager) images during cloudy-to-clear transitions
around UTC time of 01:13 on 2013-07-10 (left) and 00:56 on 2013-07-12 (right). As an example, in the left panel lidar signals are nearly completely attenuated before ~01:13,
indicating cloudy situations; and afterwards is clear. (b) The zenith radiance measurements at 500 nm from Cimel, SSFR and SASZe on 2013-07-10 (left), and on 2013-07-12 (right).
The transition regions discussed in this paper are between grey vertical lines for each case. It is estimated that the sizes of the corresponding regions are ~280 m and ~100 m for left
and right cases, respectively (see text for details).
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1.1900 h UTC and 1.2200 h UTC as the times for known-cloudy and
the known-clear skies, respectively. While for 2013-07-12, they are
0.9380 h UTC and 0.9560 h UTC, respectively. Additionally, we focus
only on the part of the transition zone right around the cloud edge, as
illustrated by the area between the two vertical grey lines in each case
of Fig. 4b. By using the cloud-base altitude information from HSRL and
the angular speed of moving cloud relative to the ship from sequential
TSI images, we estimated that cloud relative speeds are ~8 m/s in both
cases. Therefore, the sizes of transition regions here are ~280 m for
case of 2013-07-10 and ~100 m for case of 2013-07-12, respectively.

The time-series of avis and bnir from the two instruments on 2013-
07-10 are shown in Fig. 5a–b. Both instruments show a decreasing
trend in avis with time (Fig. 5a) that indicates the decrease in optical
thickness τ towards the cloud edge. Because of the high anti-
correlations between the reff and bnir, Fig. 5b seems to imply a slight de-
crease in reff determined from SSFRmeasurements and slight increase in
reff determined from SASZe measurements towards the cloud edge. The
opposing results from the SSFR and SASZe are due to the measurement
differences of the two instruments as discussed in Section 4.2. To miti-
gate the effects from instruments, here we weigh the data from the
two instruments equally and use a linear function to fit the combined
intercepts to show the trends. As such, the combined results from two
instruments depict a nearly constant intercept; thus no significant size
changes near cloud edges have been observed (black line in Fig. 5b
which is the best linear fit of the averaged intercepts of SSFR and SASZe).

Similar to Fig. 5a, Fig. 5c shows that both instruments yield a de-
creasing trend in avis, indicating the decrease of τ towards cloud edge
on 2013-07-12. Unlike Fig. 5b, Fig. 5d shows rather significant increase
in bnir from both instruments for ~4 s before bnir reaches a nearly con-
stant value near the cloud edge. This feature is clearly illustrated by
the linear fits of the mean intercepts of SSFR and SASZe (black lines in
Fig. 5d). This result indicates that in this time period (0.94917 h to
0.95000 h UTC), the reff likely decreases first and then remains un-
changed until the cloud edge is reached. It is noted that due to finite
fields of view, the horizontal resolution at altitude of 0.8 km is about
~14 m for the SASZe and ~39 m for the SSFR. Considering that the esti-
mated horizontal wind speed was ~8 m/s, we can see that radiance
values that are 2 s (SASZe) and 5 s (SSFR) before the cloud edge are
significantly affected by clear-sky columns, and are thus not included.

The variation features of slopes and intercepts near the cloud edges
in the above two cases demonstrate interesting cloud properties due to
mixing with dry air in transition zones. Since the inhomogeneous
mixing hypothesis predicts no change in cloud drop effective radius,
the results in Fig. 5b and d indicate that inhomogeneous mixing domi-
nates near the cloud edges on both cases. Meanwhile, since the homo-
geneous mixing hypothesis leads to prediction of decrease in cloud
drop size, results in Fig. 5d indicate a homogeneous mixing is likely
dominant in the region next to the inhomogeneous mixing region
near the cloud edge.

These spectral-invariance-based results on inhomogeneous mixing
near the cloud edge are consistent with the recent findings in direct ho-
lographic in-situ microscopic measurements (Beals et al., 2015) and
theoretical analysis (e.g. Korolev et al. 2016), whose findings demon-
strated that interaction between cloud and dry air is dominated by
inhomogeneous mixing, especially near the cloud edge. In addition,
the results on homogeneous mixing are also consistent with the
findings of earlier works (e.g. Lehmann et al., 2009). Their findings sug-
gested that homogeneous mixing be more likely to occur in the vicinity
of the cloud core, whereas inhomogeneous mixing dominates in more
diluted cloud regions.
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Fig. 5. Time-series of avis and bnir for both SSFR and SASZe observations. Left column corresponds to 2013-07-10 while right column to 2013-07-12. (a) and (c) are slopes of the visible
spectral region; (b) and (d) are intercepts of the NIR spectral region. The black lines in (b) and (d) are fits of the average intercepts for both instruments near cloud edges.
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5. Summary

Knowledge of variability of cloud properties in the transition zones
between cloudy and clear air is important for understanding the mech-
anisms of cloud-aerosol interactions. This paper uses the spectral-
invariance method developed earlier to understand how the size of
cloud droplets varies in the transition zones observed during the
MAGIC field campaign.

We first used a simplified SBDARTmodel that contains a single layer
low cloud in a mid-latitude summer atmosphere over ocean to test the
assumptions of the spectrally-invariant technique in the transition zone.
It was shown that for the VIS spectral region the slope of the linear
relationships defined by Eq. (2) decreases with decreasing cloud optical
thickness τ while for the NIR spectral region (from 1530 nm to
1660 nm) the intercept is highly anti-correlated with cloud drop
effective radius reff. This relationship remains for all SZA and is not
sensitive to cloud contaminations if the clear sky region is not accurately
determined. The highly anti-correlated relationship between the bnir
and reff sizeswasdemonstrated using statistical numerical experiments:
in ~75% of all cases lower values of bnir corresponded to higher values
of reff.

Cloud transition zoneswere observed in themeasurements of zenith
radiances by the two independent spectrometers (SSFR and SARZe)
during the MAGIC field campaign. The measurements from these two
instruments were quite different, however the difference of the self-
normalizedmeasurements between the two instruments was relatively
small. Two cases with low, non-drizzling clouds were selected for the
transition zone study.

Although the two transition zones were different in many aspects,
we found that both demonstrated the same spectrally-invariant
properties near cloud edges. In particular, when the cloud edges are
approached, the slopes of the VIS region decreased while intercepts of
the NIR spectral region estimated from the two instruments remained
nearly constant. These features clearly indicate that cloud droplet effec-
tive sizes do not change much near cloud edges. This is consistent with
recent in-situ measurements (e.g. Beals et al., 2015). To the best of our
knowledge, this work is the first attempt to use ground-based remote
sensing instruments for understanding the entrainment and mixing
issues near cloud edges.
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